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ft w « Y A qmde an ri fn antenna including 
a f^rpipnny selective surface,. 

The present invention relates to a waveguide 
including a frequency selective surface and an antenna 
5 including a frequency selective surface. More specifi- 
cally, the invention relates to a tuneable multiband/ 
broadband wave guiding system and aperture antenna. 

Waveguides and antennas for electromagnetic radia- 
tion are generally designed to operate at one specific 
10 frequency or within a narrow frequency band. The aim of 
the present invention is to provide a waveguide and an 
antenna that have broad or multiple operating frequency 
bands. It is a further aim of the invention to provide a 
waveguide and an antenna that are tuneable to operate at 
15 different frequencies. 

According to the present invention, there is 
provided a waveguide including a frequency selective 
surface, the frequency selective surface being arranged 
to influence the frequency response of the waveguide. 
20 A frequency selective surface (FSS) is an array of 

antenna elements that acts as a passive electromagnetic 
filter. The surface may comprise an array of electrical- 
ly conductive elements on a dielectric substrate or, 
alternatively, a plurality of apertures in a conductive 
25 surface. Electromagnetic waves incident on a surface 
comprising an array of conductive elements are reflected 
from the surface only in a narrow band of frequencies and 
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are transmitted at other frequencies. With an array of 
apertures, electromagnetic waves are transmitted only in 
a narrow band of frequencies. Such surfaces are used as 
multiplexers or radomes in communications systems and 
5 can operate at microwave frequencies, including mm-waves, 
up to infrared and optical frequencies. 

At least one frequency selective surface may be 
mounted within the waveguide, to divide the waveguide 
longitudinally into two or more parts. Preferably, the 
10 frequency selective surface is parallel to a side wall 

thereof. Mounting a frequency selective surface within a 
waveguide allows the effective dimensions of the 
waveguide to vary with the operating frequency, thereby 
providing broad or multiple operating frequency bands. 
15 Alternatively, the frequency selective surface may 

be provided over an open end of the waveguide. 

The present invention further provides an antenna 
for microwave radiation, comprising a outer horn and an 
inner horn, wherein at least the inner horn includes a 
20 frequency selective surface. The outer horn or horns may 
also comprise frequency selective surfaces. 

The frequency selective surface may be either 
reconfigurable of non-reconf igurable. Non-reconf igurable 
frequency selective surfaces are designed to operate in a 
25 particular frequency range, which is determined by the 
si2e and the arrangement of the antenna elements and the 
size of the array. The operating frequency of a non- 
reconf igurable frequency selective surface cannot be 
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changed. 

A reconfigurable frequency selective surface 
comprises at least two arrays of elements, the arrays 
being arranged in close proximity with one another so 
5 that elements of a first array are closely coupled with 
elements of a second array adjacent to the first array. 
The first array is displaceable with respect to the 
second array to adjust the frequency response of the 
surface. 

10 The first and second arrays may be substantially 

parallel with one another. 

The array elements may be conductive elements on a 
dielectric substrate, or apertures in a conductive 
substrate, or a combination of the above. 

15 The first and second arrays may have a separation of 

no more than 0.03 wavelengths, and preferably no more 
than 0.003 wavelengths of the electromagnetic waves 
having the resonant frequency of the surface. For 
example, when microwaves of frequency 30GHz are to be 

20 reflected, the separation is advantageously no more than 
0.225mm and preferably no more than 0.025mm. 

The first array may be displaceable relative to the 
second array in a direction parallel to the surfaces of 
the arrays. Alternatively, the frequency selective 

25 surface may be reconfigured by rotating the first array 
with respect to the second array, or by altering the 
distance and/or the medium separating the first array 
from the second array. Using that configuration, there 
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is no limit to the distance separating the arrays. 

The array elements may be parallel linear dipoles, 
and the at least one array may be displaceable in the 
longitudinal direction of the linear dipoles. 

5 Embodiments of the invention will now be described, 

by way of example, with reference to the accompanying 
drawings, of which: 

Figure 1 is a perspective view of a reconf igurable 
frequency selective surface; 
10 Figure 2 is a cross-section through the surface; 

Figure 3 is a diagrammatic view of a part of the surface; 
Figure 4 shows the frequency response of a frequency 
selective surface; 

Figure 5 shows the variation of the frequency response as 
15 the surface is reconfigured; 

Figure 6 shows a waveguide including a frequency selec- 
tive surface; 

Figure 7 shows a prototype waveguide, used for testing 
its transmission response; 
20 Figures 8 and 9 show the transmission response of the 
prototype waveguide, and 

Figures 9 and 10 show two forms of horn antenna employing 
frequency selective surfaces. 

As shown in figure 6, the waveguide 4 has a rectan- 
25 gular cross-section and includes upper and lower walls 7, 
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8 and two side walls 6. Two frequency selective surfaces 
5 are mounted parallel to its two side walls 6. The 
frequency selective surfaces 5 divide the waveguide lon- 
gitudinally into two portions, an inner portion being 
5 defined by the upper and lower walls 7, 8 and the 
frequency selective surfaces 5, and an outer portion 
being defined by the upper and lower walls 7, 8 and the 

side walls 6. 

The frequency selective surfaces 5 are arranged to 

10 transmit at low frequencies and to reflect at higher 
frequencies. The surfaces 5 are then invisible to the 
electromagnetic waves in the lower frequency band, and 
the effective internal dimensions of the waveguide 4 are 
defined by the side walls 6 and the upper and lower 

15 walls 7, 8 of the waveguide 4. At higher frequencies, 
the frequency selective surfaces 5 will reflect the 
electromagnetic waves, and the effective internal 
dimensions of the waveguide 4 will then be defined by the 
frequency selective surfaces 5 and the upper and lower 

20 walls 7, 8 of the waveguide. The effective dimensions of 
the waveguide are therefore different for different 
frequencies of transmitted electromagnetic wave, so 
increasing the operating frequency range of the 
waveguide . 

25 The operating frequency range of the waveguide is 

defined at its lower end by the cut-off frequency in the 
outer waveguide of the dominant TE 1Q propagation mode, 
and at its upper end by the upper limit of the band-stop 
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range (i.e. the reflection band) of the frequency 
selective surface. 

Since electromagnetic waves at the upper end of the 
operating frequency range are reflected by the frequency 
5 selective surfaces and confined within the inner 

waveguide, the higher order modes of the outer waveguide 
are effectively suppressed. The waveguide therefore 
permits monomode propagation at the TE 1Q mode over a wide 

frequency range. 
10 If the reflection coefficient of the frequency 

selective surfaces is -1 (the ideal value) , the group and 
phase velocities of the high frequency signal in the 
inner waveguide and the low frequency signal in the outer 
waveguide will be the same. In practice, although this 

15 is approximately true at the centre of the range of 
operating frequencies, the phase and amplitude of the 
signals will deviate at other frequencies. This causes 
the apparent positions of the frequency selective 
surfaces to vary with frequency. By providing double- or 

20 multi-layer frequency selective surfaces, the apparent 
positions of the frequency selective surfaces may be made 
to move inwards with increasing frequency, thereby 
providing a non-dispersive waveguide of even greater 
bandwidth . 

25 By using reconf igurable frequency selective sur- 

faces, which are described below with reference to 
figures 1 to 5, the operating frequency of the waveguide 
may be controlled electronically. The frequency selec- 
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tive surfaces, which may be fixed or reconf igurable and 
either single or multilayer structures , can be used to 
provide a number of waveguide devices, such as filters, 
polarisers or phase shifters. The surfaces may be 
5 positioned at any location within a waveguide. The 
reconfigurable frequency selective surfaces may be 
electronically tuned, the speed of the tuning and the 
performance of each application being governed by the 
array design and the process of attaining the recon- 
10 f igurable frequency selective surface effect. 

Figs. 8 and 9 show the results of experimental 
tests on the waveguides, which demonstrate the principles 
of operation of the waveguide. The results were obtained 
using the prototype waveguide shown in Fig. 7, which 
15 consists of a standard X-band waveguide from which the 
narrow side walls have been removed. The waveguide 
comprises broad upper and lower conducting walls 9, 10 
having on their inner faces several longitudinal slots 11 
into which frequency selective surfaces can be inserted. 
20 The transmission response of the prototype in the X 

band (8-12.4 GHz) is shown in Fig. 8. When operated 
without any inserts, the prototype exhibits a moderately 
lossy transmission band from the cut-off frequency up to 
about 16GHz. Placing radar-absorbing material (RAM) 
25 along the lengths of the open sides of the waveguide 
increases insertion loss dramatically in the X-band, 
showing that fringing fields exist outside the waveguide 
when operated in this mode. When frequency selective 
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surfaces are placed in the outer slots of the waveguide 
(giving it the same transverse cross-section as the X- 
band waveguide, improved transmission is provided over 
the 14 to 16 GHz range, which corresponds to the reflec- 
5 tion band of the frequency selective surfaces. Introduc- 
ing the RAM with the frequency selective surfaces in 
place produces little disturbance to this high frequency 
band whilst the lower frequencies are attenuated by more 
than 50 dB. The frequency selective surfaces therefore 
10 clearly contain waves in the higher frequency range. The 
nulls seen at about 14.5 and 16.6 GHz are believed to be 
due to higher order modes caused by the poor performance 
of the transitions at this frequency. 

Fig. 9 shows the results of a similar set of 
15 measurements carried out with J-band (12.4-18 GHz) 

transitions attached to each end of the test prototype. 
The separation of the frequency selective surfaces was 
equal to the width dimension of a standard J-band 
waveguide. The guiding effect of the frequency selective 
20 surfaces is again displayed. The design of an integrated 
transition incorporating frequency selective surfaces 
enables tuneable broadband waveguide designs to be 
operated with a single co-axial feed at all frequencies. 
The null observed near to 13GHz is due to a filtering 
25 effect caused by the frequency selective surface elements 
and the varying positions of the electrical walls. A 
reconfigurable frequency selective surface would enable a 
band-stop or a band-pass filtering response to be tuned. 
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As shown in Fig. 9, similar results to those 
produced in the frequency selective surface/open wall 
case were produced when frequency selective surfaces were 
inserted into a standard X-band waveguide. The close 
5 proximity of the copper wall of the waveguide to the 
frequency selective surfaces does not significantly 
modify their guiding effect. The figure also shows the 
calculated reflection coefficient amplitude for a single 
layer large array of tripoles over the range 13 to 18 
10 GHz . The array used in the waveguide was a single line 
of tripole elements. The reflection band of the large 
frequency selective surface is broadly similar to the 
enhanced transmission range measured in the test 
prototype. The frequency selective surface reflection 
15 coefficients were calculated using a Floquet mode 

analysis, assuming that the finite line array of tripoles 
behaves as an infinite rectangular lattice array with 
vertical periodicity equal to the waveguide height. The 
calculations also assumed a nominal incidence angle of 
20 30° from normal (a reasonable approximation to the 

varying angles of incidence in the waveguide) , to account 
for the oblique nature of the plane waves which may be 
used to describe the fields in the wavequide for the TE 1Q 
mode. 

25 A broadband/multiband antenna, which operates 

according to the same principles as the waveguide 
described above, is shown in Figs. 10 and 11. Fig. 10 
shows a broadband pyramidal horn antenna having an outer 
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horn 12 of conducting material and an inner horn 13, 
formed of fixed or reconf igurable frequency selective 
surfaces. The frequency selective surfaces are invisible 
to electromagnetic signals of low frequency, which 
5 therefore occupy the outer horn, whereas signals of 

higher frequency are confined within the inner horn. The 
effective dimensions of the antenna therefore vary with 
the operating frequency, allowing it to operate over a 
wide frequency range. 
10 Fig. 11 shows an alternative antenna comprising two 

co-axial cones 14, 15, both consisting of fixed or 
reconf igurable frequency selective surfaces. The antenna 
can be tuned to a specific frequency band for improved 
performance and for matching to a waveguide of the type 
15 described above. The walls of the outer cone 14 could be 
replaced by conducting walls if band tuning and/or 
antenna matching is not required. If desired, the 
antenna may include more than two cones. 

As shown in figure 1, a reconf igurable frequency 
20 selective surface consists of two parallel arrays 1, 2 of 
elements 3. The array elements 3 may be either electri- 
cally conductive elements, such as dipoles, printed on a 
dielectric substrate, or apertures, such as slots, formed 
in a conductive surface (Babinet's compliment of the 
25 former) . A non-reconf igurable frequency selective 

surface consists simply of just one of the arrays 1, 2 

shown in figure 1. 

The two arrays 1,2 are arranged in close proximity 
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with one another, so that the elements 3 of the first 
array 1 are closely coupled with the elements of the 
second array 2. The separation S of the arrays is as 
small as possible, whilst ensuring that the elements of 
5 the first array 1 are electrically insulated from the 
elements of the second array 2, and will generally be of 
the order of 0.03 wavelengths or less, although this will 
depend on the particular array design, and the dielectric 
constant of the substrate. 
10 The second array 2 is displaceable relative to the 

first array 1 by a small distance DS. In the embodiment 
shown in figure 1, the second array 2 can be displaced 
transversely, parallel to the surfaces of the arrays, in 
the direction of the Y-axis. Other types of displacement 
15 are, however, possible: for example, the second array 2 
could be displaced in the direction of the X-axis or the 
Z-axis (thereby altering the distance S separating the 
two arrays) or it could be rotated about the Z-axis, or 
displaced in any combination of those directions. 
20 When the arrays 1,2 are aligned accurately with one 

another (so that DS=0), the elements 3 of the first array 
1 lie directly over the elements of the second array 2, 
thereby shadowing the second array 2 from the incident 
electromagnetic waves. The freguency response of the 
25 surface is then similar to that of a single array which, 
as shown in figure 4, includes a narrow reflection band 
and upper and lower transmission bands. The letters f R 
denote the reflection band centre freguency, which . 
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corresponds to the resonant frequency of the surface, and 
the letters f T denote the frequency of the lower 
transmission band. The frequencies f R and f T of the 
reflection and transmission bands are determined by the 
5 length of the antenna elements 3 and the size of the 
array . 

As shown in figures 2 and 3, the first array 1 has a 
plurality of elements 3 of length LI, and the second 
array 2 has a plurality of elements of length L2. The 
10 separation D1,D2 and the arrangement of the elements in 
each of the arrays is similar, so that when DS=0 the 
elements of the second array 2 lie in the shadows of the 
elements of the first array 1. 

When, as shown in figure 2, the second array 2 is 
15 displaced transversely in the direction Y by a distance 
DS, the ends of the elements 3 of the second array 2 then 
extend by a small distance DL beyond the ends of the 
elements of the first array 1. Since the elements of the 
two arrays are closely coupled, this produces an increase 
20 in the overall effective length of each element, which 
affects the frequency response of the surface. As shown 
in figure 5, the reflection frequency f R of the surface 
is shifted by an amount that is approximately 
proportional to the displacement DS. The frequency 
25 response of the surface can similarly be translated by 
displacing the second array 2 in the X or Z directions, 
by rotating it about the Z-axis, or by any combination of 
those movements. 
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An example of the results that can be achieved with 
a particular reconf igurable frequency selective surface 
will now be described. The particular frequency 
selective surface consists of two arrays 1,2 of linear 
5 dipoles 3, printed in a square lattice on a 0.037mm thick 
dielectric substrate of dielectric constant 3. The 
geometry of the lattice unit cell is shown in figure 3, 
wherein L represents the length of the antenna element, 
w the element's width, and D the side length of the unit 

10 cell (equal to the separation of adjacent antenna 

elements). In the first array 1, L=4.3mm, w=0.4mm and 
D=6mm. In the second array 2, L=3.25mm, W=0.4mm and 
D=6mm. Each array is square, having sides of length 
20cm, and the separation S between the arrays is about 

15 0.225mm. 

The measured and theoretical response of the surface 
to microwaves of frequency 12-40GHZ at both normal 
incidence and a TE incidence of 45°, with the electric 
field parallel to the dipoles, is shown in figure 5. By 

20 comparison, the variation in the frequency response of a 
single array with increasing dipole length is shown as a 
solid line at the top of the graph. 

When the two arrays are substantially aligned, with 
DS in the range 0 to 0. 625mm, the frequency response of 

25 the surface is similar to that of a single array having 
the dimensions and lattice arrangement of the first array 
1. Resonance takes place at frequencies of about 31GHz 
and 27GHz for normal and TE:45° states of incidence 
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respectively. A frequency shift takes place as the 
transverse displacement DS of the second array 2 is 
increased, maximum measured frequency shifts of 36% and 
22% for normal and TE:45° states of incidence 
5 respectively being achieved at a displacement of DS=3mm. 
At that displacement, the elements 3 of the second array 
2 completely fill the gaps between the elements of the 
first array 1, and so a further increase in the 
displacement DS has no further effect on the frequency 
10 response of the surface. 

Reducing the separation S of the arrays, thereby 
increasing the coupling between the elements, allows 
greater frequency shifts to be achieved. For example, 
with a separation of 0.025mm, frequency shifts of up to 
15 60% can theoretically be obtained. The theoretical 
frequency shift at a separation S of 0.025mm is also 
shown in figure 5. There is no deterioration in the band 
widths or band spacing ratio (f R /f T ) of the surface as 
the displacement increases and the response of the 
20 surface is therefore stable throughout the frequency 
range . 

Various modifications of the apparatus described 
above are, of course, possible. Many different array 
geometries could be used and each array may consist 
25 either of a plurality of conductors on a dielectric 
substrate, or a perforated plate, or a combination of 
both. The antenna elements may be dipoles, cross- 
dipoles, tripoles, Jerusalem crosses, squares, open-ended 
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loops or any other type of antenna element. The elements 
need not necessarily be arranged periodically and the 
arrays may be planar or curved. The frequency selective 
surface may further consist of two or more closely- 
5 coupled arrays of elements, and the respective arrays may 
either be displaced in a direction parallel to the 
surfaces of the arrays, or rotated or their separation 
altered, or the medium separating the arrays may be 
adjusted (for example, by adjusting its dielectric 

10 constant). 

The relative displacement of the two arrays may be 
controlled in various different ways. For example, 
piezoelectric actuators can be used to control the 
precise relative movement of the arrays, and the arrays 

15 can be printed directly onto the piezoelectric material. 
The frequency selective surface may have piezoelectric 
actuators positioned at some sub-areas of its surface, 
i.e. not everywhere on its surface. Alternatively, the 
arrays can be mounted at a small separation and air 

20 pumped from the gap between the arrays to alter their 
separation . 
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Claims: 

1. A waveguide including a frequency selective surface, 
the frequency selective surface being arranged to 
influence the frequency response of the waveguide. 

5 2. A waveguide according to claim 1, in which at least 
one frequency selective surface is mounted within the 
waveguide to divide the waveguide longitudinally into two 
or more parts. 

3. A waveguide according to claim 2, in which the 

10 frequency selective surface is parallel to a wall of the 
waveguide . 

4. A waveguide according to claim 3, in which two 
frequency selective surfaces are mounted within the 
waveguide, parallel to the side walls thereof. 

15 5. A waveguide according to any one of the preceding 
claims, in which the frequency selective surface is a 
reconfigurable frequency selective surface. 

6. A waveguide according to claim 5, in which the 
reconfigurable frequency selective surface comprises at 
20 least two arrays of elements, the arrays being arranged 
in close proximity with one another so that elements of a 
first array are closely coupled with elements of a second 
array adjacent to the first array, the first array being 
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displaceable with respect to the second array to adjust 
the frequency response of the surface. 

7. An antenna for microwave radiation, comprising a 
outer horn and an inner horn, wherein the inner horn 

5 includes a frequency selective surface. 

8. An antenna according to claim 7, in which the outer 
horn includes a frequency selective surface. 

9. An antenna according to claim 7 or claim 8, in which 
the inner and outer horns are coaxial. 

10 10. An antenna according to any one of claims 7 to 9, 
in which the horns have a rectangular transverse cross- 
section. 

11. An antenna according to any one of claims 7 to 9, 
in which the horns have a circular transverse cross- 

15 section. 

12. An antenna according to any one of claims 7 to 11, 
in which at least one frequency selective surface is a 
reconfigurable frequency selective surface. 

13. A waveguide according to claim 1, in which a 

20 frequency selective surface is provided over an open end 
of the waveguide. 
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Fig. 2. 
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